Abstract Vestibular schwannomas (VS) can cause significant patient morbidity. Currently, surgery and stereotactic radiation therapy are available treatment options. Recent breakthroughs in research have discovered key cell surface receptors and intracellular signaling pathways that drive vestibular schwannoma tumorigenesis, proliferation, and survival. A number of promising inhibitors targeting these signaling molecules have also now shown efficacy in preclinical VS cell culture models and animal experiments, with some recently entering human clinical trials. In this review, we summarize ErbB receptor signaling, PDGF receptors, MAP kinase signaling, AKT, p21-activated kinase signaling, mTOR, and VEGF signaling in the context of vestibular schwannoma drug development and medical treatment.
Introduction
Vestibular schwannomas (VS), benign tumors originating from the vestibulocochlear nerve, typically present with hearing loss, tinnitus, and balance dysfunction. Rarely, however, if untreated, these neoplasms can cause significant patient compromise-facial paralysis, brainstem compression, and death. Those with VS typically choose between surgery and stereotactic radiation therapy for treatment. Unfortunately, no medical therapies are presently U.S. Food & Drug Administration or European Medicines Agency (EMA) approved, representing an urgent and unmet clinical need. Recent breakthroughs in research have discovered key signaling pathways ( Fig. 1 ) that drive vestibular schwannoma proliferation/survival. A number of inhibitors targeting these molecules have shown efficacy in preclinical VS models, with some recently entering human clinical trials. In this review, we discuss the current state of vestibular schwannoma drug development efforts worldwide.
NF2 and Merlin
NF2 is an autosomal-dominant disease caused by the bi-allelic loss of the NF2 gene on chromosome 22. Bilateral VS are pathognomonic for this disorder, characterized by loss of the NF2 gene that codes for the tumor suppressor protein merlin (moesin, ezrin, and radixin-like protein) [1, 2] . Though 50 % of individuals with NF2 have an affected parent with the disease, the remaining 50 % have de novo gene mutations [3] . While patients with germ-line mutations in NF2 develop bilateral VS, unilateral, sporadic tumors are far more common, and NF2 gene mutations are present in 100 % of VS tumors.
Tumorigenesis occurs due to molecular abnormalities that deregulate cell growth and differentiation [4] . Differentiated Schwann cells become quiescent upon sensing cell contact, and it is the NF2 gene product, merlin, that regulates this contact-dependent inhibition of proliferation [5] [6] [7] . Like other members of the band 4.1-superfamily, merlin tethers proteins to the actin cytoskeleton or sequesters them to specific intracellular compartments. Most believe that merlin functions as a tumor suppressor [8, 9] by cycling between a closed, growth-suppressive conformation and an open, growth permissive state induced by phosphorylation at serine-518 [10] [11] [12] . Others, however, hypothesize that merlin exists in multiple context-specific conformations [13] . At the molecular level, extracellular cues regulate merlin's phosphorylation status and, thereby, its activity. For example, integrin and receptor tyrosine kinase signaling activate p21-activated kinase (Pak), which has been shown to phosphorylate merlin on Ser518; conversely, cadherin signaling normally inhibits Pak and leads to the accumulation of the unphosphorylated, active (growthsuppressive) merlin [14] . Merlin may regulate cell proliferation [15] , at least in part, by controlling availability of membrane receptors such as EGFR (epidermal growth factor receptor), erbB2, and PDGFR (platelet-derived growth factor receptor) [16] through its interaction with adaptor molecules such as NHERF1/EBP50 (Na-H exchange regulatory factor 1; ERM-binding protein of 50 kDa) [17] [18] [19] .
Current Clinical Trials
Drug development for NF2 is not a new concept as several pathway inhibitors are under investigation at this time.
The ErbB Family of Tyrosine Kinase Receptors
The ErbB membrane tyrosine kinase receptors regulate cell proliferation, differentiation, motility, and apoptosis Fig. 1 Multiple growth promoting intracellular pathways are activated by number of tyrosine kinase receptors, generically depicted in this image. Merlin (not pictured) when present acts as a master suppressor for many of these pathways, thus controlling growth and cell proliferation. When deficient, as in NF2, many of these pathways are disregulated and aberrant cell proliferation and survival occurs leading to the tumors seen in Neurofibromatosis type II [20] . Hanson et al. [21] discovered that neuregulin and its receptors erbB2 and erbB3 were expressed in human vestibular schwannomas. They and others hypothesized that neuregulin, secreted by tumor cells, functioned as an autocrine growth factor that promoted survival of schwannoma cells despite their lack of association with surrounding nerves. Lallemand et al. [22] showed that the NF2 protein modified the abundance and localization of ErbB2, ErbB3, insulin-like growth factor 1 receptor (IGF1R), and platelet-derived growth factor-b (PDGFRb) receptors at the plasma membrane. Using NF2 knockout mice, they showed that varying insulin (IGF1R ligand) concentrations had no effect on schwannoma phenotype, but lowering levels of the ErbB ligand, heregulin-b1, restored contact inhibition and replicative senescence. Preclinical studies have validated ErbB family receptors as potential targets for drug development. Ammoun and colleagues used in vitro phospho-RTK profiling arrays to confirm overexpression and activation of EGFR family receptors in human VS samples. They also evaluated the small-molecule EGFR/ ErbB2 kinase inhibitor lapatinib (GlaxoSmithKline) in vitro, finding that this drug inhibited ErbB2 phosphorylation, downstream ERK1/2 and AKT activation, and VS cell proliferation. Clark and coworkers also independently validated the use of ErbB family receptor inhibitors in vivo [23] .
Several small clinical studies have investigated the efficacy of ErbB family receptor blockade for treatment of VS. Plotkin and colleagues treated eleven NF2 patients with erlotinib 150 mg/day [24] . While erlotinib treatment did not result in radiographic or hearing responses in NF2 patients with progressive disease, a subset of patients experienced prolonged stable disease. These investigators concluded that time-to-progression might be more appropriate than radiographic or hearing responses for anti-EGFR agents in NF2-associated VS. Karajannis and coworkers recently reported on results of a phase II trial evaluating the effectiveness of lapatinib therapy. They found decreased tumor volumes and hearing improvements rates of 23.5 and 30.8 %, respectively. Three of 17 patients had no disease progression, and adverse events were both mild and rare [25] . The website ''clinicaltrials.gov'' presently lists two clinical trials for the EGFR/ErbB2 kinase inhibitor lapatinib in VS patients. Trials evaluating response to lapatinib treatment in NF2 patients are currently active or recruiting at New York University as a phase II study for NF2 patients, and Sidney Kimmel Comprehensive Cancer Center in Baltimore, MD, as an exploration and estimation of VS intratumoral concentration and activity of lapatinib in vivo. Results from these studies have not yet been reported.
Targeting Angiogenesis: The Vascular Endothelial Growth Factor
Vascular endothelial growth factor (VEGF), a known mitogen, is a heparin-binding glycoprotein that is secreted as a 45kD homodimer [26] . This molecule promotes survival of various cell types, including Schwann cells [27] and correlates with vascularity and growth rate of several solid tumors [28] . VEGF promotes survival through proangiogenesis and anti-apoptosis effects [29, 30] . CayeThomasen et al. reported increased VEGF and VEGF-R1 expression in human vestibular schwannomas; [31] their work generated significant clinical interest in use of VEGF inhibitors for VS treatment.
Bevacizumab, a monoclonal antibody against VEGF, has demonstrated substantial reduction of tumor volume as well as improved hearing outcomes in some patients with VS [32] [33] [34] [35] . Bevacizumab does not have a direct antiproliferative effect on tumor cells, but it does reduce tumor volume by increasing vascular permeability and decreasing angiogenesis. Unfortunately, as reported by Mautner and colleagues, discontinuing the drug results in re-expansion of VS tumors [36] . The website clinicaltrials.gov reports five studies related to Bevacizumab and schwannoma. Two trials are currently recruiting patients. These are a Phase I trial investigating the safety of intraarterial cerebral infusion of bevacizumab for VS being conducted at Weill Medical College of Cornell University, and a phase II study to determine the hearing response rate at 24 weeks after treatment with bevacizumab for symptomatic VS in children and young adults with NF2 at the University of Alabama Birmingham. One phase II study conducted by the National Cancer Institute investigated bevacizumab in children and adults with NF2 and symptomatic VS. This study is completed, but results have not yet been reported.
PTC299 is a small-molecule that demonstrated reduction of tumor volume by inhibiting VEGF and other angiogenic cytokine production at the post-transcriptional level. It binds the 5 0 -and 3 0 -untranslated regions of VEGF messenger RNA, preventing protein translation. This drug has been shown to induce cycle arrest at the G1/S phase [80] . A human clinical trial for PTC299 in patients with NF2-associated tumors was initiated by PTC Therapeutics in 2009 and is still listed on clinicaltrials.gov; however, the study is currently suspended.
Endostatin, a 20 kDa inhibitor of endothelial cell proliferation and organization into new blood vessels, has been shown to suppress tumor growth and is being investigated as a possible treatment for NF2-related tumors. Produced by proteolytic cleavage of collagen XVIII, endostatin is thought to down-regulate several signaling cascades including TNF-alpha/JNK, FGF, integrin, NFkappaB, and ephrin [37] . According to clinicaltrials.gov, one trial, initiated in March 2014 and sponsored by Beijing Tiantan Hospital, is currently recruiting patients to evaluate recombinant human endostatin injection for patients with NF2 and NF2-related tumors by continuous intravenous pumping. The endpoints for this study are tumor volume, hearing improvement, and various quality of life measures. No results have been reported to date.
mTOR Signaling
The literature suggests that normally functioning merlin protein regulates mTOR (mammalian target of rapamycin) activity, independent of the AKT or MAPK pathways. Lopez-Lago found that loss of merlin in NF2 deficient cell lines was associated with activation of mTORC1. They demonstrated that rapamycin, an inhibitor of mTORC1, inhibited cell growth in the same cell lines, while overexpression of merlin rendered the cells partially resistant to rapamycin treatment. Depletion of merlin restored rapamycin sensitivity in merlin-positive lines [38] . A number of other studies have suggested an up-regulation of mTORC signaling in merlin-deficient patients and cell lines [39] .
AKT activation requires two phosphorylation events-PDK1 mediated Thr308 phosphorylation and PDK2 mediated Ser473 phosphorylation. Many believe that mTOR, when bound to its adaptor protein Rictor, may function as a PDK2 candidate for schwannomas [40] . Theoretically, inhibiting mTOR could suppress tumor growth by both preventing AKT pathway activation and inhibiting mTOR specific, non-AKT signals.
Everolimus (RAD001; Novartis) is an mTOR inhibitor used to treat advanced renal cell carcinoma and subependymal giant cell astrocytoma. A recently conducted Phase II study of everolimus in NF2 patients looked at volumetric and audiological response in schwannomas. The study, conducted at New York University between January and June 2012, identified no objective response in any of the nine patients enrolled [41] . Other clinical trials are ongoing and actively recruiting. Clinicaltrials.gov currently lists five studies looking to evaluate the safety and efficacy of RAD001 in patients with NF2-associated vestibular schwannomas. Two studies are actively recruiting patients, two are not recruiting patients any longer but are currently ongoing, and one is completed but no results have been published. The studies that are currently recruiting are taking place at the House Ear Institute as a Single Arm Phase II Trial of RAD001 as monotherapy in the Treatment of Neurofibromatosis Type 2-related Vestibular Schwannoma and New York University School of Medicine exploring the activity of RAD001 in NF2-associated VS and meningiomas. The two active, but no longer recruiting, studies are being conducted at Assistance Publique-Hôpitaux de Paris as a single arm Phase II Trial of RAD001 as monotherapy for treatment of Neurofibromatosis Type 2-related vestibular schwannoma and New York University School of Medicine in collaboration with The Children's Tumor Foundation as a phase II study of everolimus in children and adults with NF2.
Future Opportunities for Drug Development

AKT Signaling
AKT (Protein Kinase B), a master kinase regulating cell growth and survival, has been of primary interest to the NF2 community [42] . This signaling molecule targets downstream effectors such as GSK3b (Glycogen synthase kinase 3), BAD (Bcl-2-associated death promoter), TSC1/ TSC2-mTOR (Tuberous sclerosis proteins; mammalian target of rapamycin), caspase-9, and FOXO3a (forkhead box proteins). Deregulated AKT signaling has been shown to induce malignant transformation in various cell types [43] . AKT is activated by PI3-kinase, a membrane-associated lipid kinase that is activated downstream of most receptor tyrosine kinases. PI3-kinase catalyzes the conversion of PIP2 to PIP [3, 43] which recruits AKT from the cytoplasm to the plasma membrane via pleckstrin homology (PH) domain interactions [44, 45] . AKT is then activated by phosphoinositide-dependent protein kinase 1 (PDK1), at thr308 [46] . A second phosphorylation at serine-473 is required for maximal AKT activation [47] .
The PI3-kinase/AKT pathway has been shown as activated in human vestibular schwannomas. Using microarrays, Western blots and immunohistochemistry, Ohio State University investigators demonstrated a modest increase in total AKT protein for VS compared with normal vestibular nerves, but phosphorylated AKT is dramatically increased. They concluded that post-translational AKT phosphorylation was the primary mechanism whereby AKT is activated in human VS [48] . Immunohistochemistry studies by other investigators compared 16 schwannomas (sporadic and NF2) to traumatic neuromas and found that schwannomas consistently demonstrated increased expression of p-AKT [49] .
Because the PI3K/AKT pathway is the junction for numerous upstream survival, differentiation, cell cycle, stress, and apoptosis signals, several groups have postulated that AKT pathway inhibition should suppress VS growth. To test this hypothesis, work done at The Ohio State University employed a pharmacology-based strategy using two novel small-molecule inhibitors of the AKT pathway that diverged significantly in their proposed mechanisms of action. AR12 (OSU-03012; ARNO Therapeutics, Parsippany, NJ), derived from the cyclooxygenase-2 (COX-2) inhibitor Celebrex TM , inhibits tumor growth due, at least in part, to inhibition of phosphoinositidedependent kinase-1 (PDK1) [50] [51] [52] [53] [54] [55] . AR42 (OSU-HDAC42; ARNO Therapeutics, Parsippany, NJ), a novel histone deacetylase inhibitor (HDACi), inhibits AKT downstream from PI3K and PDK1 by activating protein phosphatase 1-mediated AKT dephosphorylation [56] . Using in vitro and in vivo model systems, they demonstrated that both AR12 and AR42 were able to suppress schwannoma growth in vitro/in vivo, inhibit AKT activation, slow cell cycle arrest, and induce apoptosis [57] [58] [59] . AR12 and AR42 penetrated the blood-brain barrier, and exhibited minimal pharmacotoxicity. Both these drugs are currently in Phase I clinical trials for human cancers and have demonstrated excellent safety profiles; AR42 has been given to several patients with NF2.
Several other PI3-kinase and AKT inhibitors are in various stages of development against non-schwannoma tumors. Perifosine (KRX-0401), an alkyl phospholipid that inhibits both PI3-kinase and AKT, entered Phase III clinical trials against colorectal cancer and multiple myeloma as an orphan drug; unfortunately, these trials discontinued due to lack of efficacy. The company, AEterna Zentaris Inc., reported no safety concerns [60] . Miltefosine, (structurally similar to perifosine), is an AKT inhibitor used as an antiprotozoal drug as well as treatment for HIV. There are no current studies being conducted for use as a chemotherapeutic agent. PI3-kinase inhibitors such as CAL101 and PX-866 are in late stage clinical trials for hematologic malignancies and late stage solid tumors, respectively. BEZ235 (PI3-kinase/mTOR dual inhibitor), SF1126, INK1117, IPI-145, GDC-0941, BKM120, XL147, XL765, Palomid 529, GSK615, ZSTK474, and PWT33597 (dual PI3-kinase/mTOR) are in earlier stages of development. No vestibular schwannoma related clinical studies have been published to date for any AKT inhibitor.
PAK Signaling
The six known Group 1 and Group 2 P21-activated kinases (PAKs) phosphorylate serine/threonine residues on various intracellular targets [61] . PAKs are immediate effectors of the Rho family GTPases Rac and Cdc42, which mediate cytoskeleton reorganization and transcriptional activation [62] . In 2002, Xiao and colleagues discovered that PAK could phosphorylate merlin at serine-518, eliminating its tumor suppressor function [63] . Conversely, researchers also discovered that merlin inhibited PAK by means of a negative-feedback loop [64] . It was observed that NF2-deficient tumors have morphology similar to cells overexpressing the GTPase Rac [65] [66] [67] . Following this observation, Kaempchen et al. hypothesized that enhanced Rac activity is present in merlin-deficient tumors and confirmed that this increase contributes directly to schwannoma-genesis [68] . They and others demonstrated that Rac and PAK signaling co-localize to the membrane, where together Rac/PAK controls cellular processes such as spreading, formation of ruffles, and adhesion to the cellular matrix [68] [69] [70] . The notion that wild-type merlin inhibits the Rac-binding domain of PAK1 is supported, by the finding that reintroduction of functioning merlin protein in cells with NF2 loss results in increased PAK activity [71] . PAK knockdown has been shown to counter tumorigenesis in merlin-deficient cell lines [69] .
Several compounds that inhibit PAK signaling have emerged as viable leads for further drug development. One is IPA-3. Using primary screens, Bokoch and colleagues identified 342 candidate PAK inhibitors [72] that possessed the ability to inhibit PAK activity allosterically. After excluding ATP-competitive inhibitors, they found 32 lead compounds, the most notable of these being 2,2 0 -dihydroxy-1,1 0 -dinaphthyldisulfide (coined IPA-3). IPA-3 has a high degree of specificity for group I PAKs, prevents PAK autophosphorylation, and sequesters it from Rac-and Cdc42-mediated activation. Flaiz and colleagues showed that IPA-3 was effective at reducing Rac activity, cell spreading, and cell adhesion in primary human schwannoma cells [73] . Washout experiments following IPA-3 administration restored the normal schwannoma phenotype, indicating that the effects of IPA-3 were reversible. Porchia et al. demonstrated that the PDK1 inhibitor AR12 (aka OSU-0312) also functions as a competitive inhibitor of PAK activity [53] . Structural modification of AR12 to make an even more potent PAK inhibitor is currently underway. Currently, the group at the University of Arizona is evaluating the efficacy and mechanism(s) of action for two novel derivatives of AR12 that appear to be more potent PAK inhibitors than their parent compound.
Hsp90
Molecular chaperones are proteins dedicated to protein folding and refolding [74] . Heat shocking proteins are a family of these chaperones responsible for directing the folding of much of the proteome, resulting in the formation of proteins and protein complexes responsible for cell metabolism. Heat shock protein 90 (HSP90), is a ubiquitous molecule that when absent, results in proteasomal degradation of its ''client'' proteins [75] . Angelo and colleagues were able to inhibit heat shock protein in a schwannoma cell line. This resulted in cessation of cell growth, opening the door for more investigations into this avenue for therapy. Recent work by Tanaka and colleagues sought to better understand the efficacy of HSP90 inhibition as a treatment strategy to suppress multiple growth promoting signal pathways. Using a novel small-molecule inhibitor compound of HSP90, NXD30001 (pochoxime A), they were able to show in vitro depletion of multiple signaling molecules implicated in NF2 [76] . Additionally, they were able to show reduced growth of NF2-deficient tumors and associated pathways in vivo. There are no current clinical trials using HSP90 inhibitors, but promising preclinical results will surely open doors to the opportunity.
Natural Compounds
Yet another promising area for drug development is the identification of natural compounds with antitumor activity and screening of these compounds using bioassay techniques. A number of current chemotherapeutic agents for a wide range of cancers are based on natural compounds [77] . Recent results published by Spear and colleagues investigated two natural compounds, Cucurbitacin D and goyazensolide, and evaluated the cell cycle and antitumor effects of both compounds in NF2-deficient meningioma and schwannoma cells [78] . They were able to show that both compounds suppressed the growth of cells in vitro, induced G2 cell cycle arrest, and affected the expression of multiple signaling molecules such as Cyclins E, A,and B and NFjB. Further work is needed, but the promising results of natural compounds as anticancer regimens in the past make this an exciting area of investigation.
High-Throughput Drug Screens
Basic science and clinical research efforts to date have been based on decades of hypothesis-driven drug development strategies. Empirical techniques using highthroughput screening (HTS), chemical synthesis, RNA interference, and bioinformatics have revolutionized drug development efforts worldwide for cancer; however, these non-traditional methodologies for lead identification in drug development have rarely been used for benign tumors. Recently, Petrilli and colleagues used a high-throughput screen (with NF2 null mouse Schwann cells) of the Library of Pharmacologically Active Compounds to discover that AGK2, a SIRT2 (sirtuin 2) inhibitor, was a candidate compound for further drug development in schwannomas [79] . SIRT2, one of seven mammalian sirtuins that are NAD?-dependent protein deacetylases, was identified as a target using the empirical approach; then, this group showed that merlin-mutant mouse Schwann cells (MSC) have higher expression levels of SIRT2 and lower levels of overall lysine acetylation than wild-type control MSC. Others have also adopted this empirical strategy for VS drug development; therefore, perhaps a wave of new targets for vestibular schwannoma clinical trials is soon to come [80, 
Conclusion
The application of small-molecule inhibitors of deregulated pathways is the current trajectory in many disciplines of cancer therapy, and otology and neurotology is no exception. It is a truly exciting time in the specialty as continued research into the critical signaling pathways driving schwannoma proliferation/survival has generated a viable pipeline of candidate drugs targeting these tumors.
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